We analyzed operant discrimination in detelencephalated pigeons and neuroanatomical substrates after long-term detelencephalation.
INTRODUCTION
The analysis of lesion-induced changes in nervous tissue is often referred to as the evaluation 2003 Freund & Pettman, U.K. of neural plasticity in the central nervous system. Indeed, functional and structural changes in neural cells and circuits after cerebral lesions have been documented in both non-human and human studies (Aldskogius & Kozlova, 1998; Fawcett & Ascher, 1999; Finger & Almli, 1985; Horner & Gage, 2000; Kolb & Whishaw, 1989; Le V6re, 1980; Chen, et al., 2002; Riley, et al., 1988) .
As well, most of our knowledge about neural plasticity is based upon the analysis of learned behavior because the assessment of functional recovery after brain lesions requires an analysis of a response class or of a pattern of behavior (Gaffan, et al., 2002; Mogensen & Divac, 1993; Stettner, 1974; Watanabe, 2001 Wesp & Goodman, 1978; Zeier, 1968; Zeier, 1974) . Within such context, the discriminative behavior provides one class of operant behavior that has been mostly used for the evaluation of the effects of brain lesion in animals, as well as in human neurorehabilitation programs (Aldavert-Vera, et al., 1999; Lawrence, et al., 1999; Salgado, et al., 2000; Watanabe, 1999) .
Operant discrimination refers to differential rates of responding controlled by stimuli correlated with different probabilities of reinforcement (Andrzejewisk; et ai., 2001; Mackintosh, 1977; McSweeney, et al., 2001; Mitchel, 1983; Terrace, 1966) . The stimulus associated with a higher probability of reinforcement is usually referred to as a positive stimulus and the one associated with a lower probability of reinforcement is referred to as a negative stimulus. Reversal discrimination learning may be established if the previously acquired stimuli functional values are interchanged (Hartmann & Gtinttirktin, 1988; McSweeney, et al., 2001; Shimizu & Hodos, 1989) . Among vertebrate animal studies, and particularly in birds, both visual and reversal discrimination learning have been widely used in the analysis of the effects of brain lesions on behavior (AldavertVera, Costa-Miserachs, et al., 1999 ; Bessette & Hodos, 1969; Cerutti & Ferrari, 1995; Chaves & Hodos, 1998; Colombo, et al., 2001; Csillag, 1999; Delay, 2001; Eacott, et al., 2001; Good, 1978; Hodos, 1969 Hodos, , 1970 Hodos, et al., 1984; Macphail, et al., 1993; Pritz, et al., 1970; Watanabe, 2001 ).
Investigations of plasticity after brain lesioning followed by learning have used localized damage to the central nervous system. Among vertebrate studies, however, partial or total hemispherectomy have also been used in the analysis of neural reorganization, as well as in the analysis of behavior and learning (Ferrari, et al., 1999; Huston, et al., 1985; L6pes Broglio, et al., 2000; Silva & Ferrari, 1991; Souza, et al., 1990; Toledo & Ferrari, 1991; .
Actually, worth considering is that studies using massive brain lesions might be especially interesting for analyzing processes of neural plasticity, as well as providing interesting animal models of brain pathology (Finger & Almli, 1985 ; Kolb & Whishaw, 1989 ; Kolb & Whishaw, 1998; Le V6re, 1980) . We must consider that the extensive telencephalic lesion can be followed by a great rate of neuronal death and can result in reorganization of the remaining neuronal population as well as of its neural environment. Processes that guarantee adequate nutritional, hormonal and metabolic support together with glial-mediated mechanisms may be essential for neuronal function in the subtleencephalic structures directly affected by deletencephalation (Aldskogius & Kozlova, 1998; Carmignoto, 2000; Cavaglia, et al., 2001; Cerutti & Chadi, 2000; Fawcett & Ascher, 1999; Giordana, et al., 1994; Gomes, et al., 2001; Granados-Hojas, et al., 2002; Jegling, et al., 1995; Saadoun, et (Cerutti & Ferrari, 1995; Ferrari, et al., 1999; Silva & Ferrari, 1991; Souza, et al., 1990; Toledo & Ferrari, 1991) . The data from those studies are directly related to prior reports relating to the telencephalic functions and the neural organization of behavior and learning in pigeons (Mitchel, 1983; Stettner, 1974; Zeier, 1974) as well as in rats (Huston, et al., 1985; and in humans (Bertson, et al., 1983; Lawrence, et al., 1999) . Besides raising questions about the role of subtelencephalic structures in learning and memory, such studies using pigeons as the subject provide a useful tool favoring comparative analysis.
The present paper extends our previous work with two main purposes. First, Experiment intended to characterize the operant behavior of pigeons trained in discrimination and reversal learning after massive telencephalic lesion. Second, Experiment 2 aimed to characterize the aspects of morphological reorganization in subtelencephalic structures after long-term detelencephalation in pigeons. Neurophysiological evidence points to the optic rectum as an important integrative system for both the thalamofugal and the tectofugal avian visual pathways (Britto, 1978; Gtinttirktin & Hahmann, 1999; Hellmann & GiJntiJrktin, 1999; Hodos & Bonbright, 1974; Karten, et al., 1997; Revzin & Karten, 1967; Shimizu & Bowers, 1999) . The major source of tectal efferents is the nucleus rotundus, a thalamic component of the tectofugal pathway (Heidmann & Lucksch, 2001; Hellmann & Gtinttirktin, 1999; Hodos, et al., 1984; Hunt & Ktinzle, 1976; Karten & Hodos, 1970; Karten & Revzin, 1960; Shade & Powers, 1969) , and is well established as a nucleus that is involved in discrimination learning (Hodos, 1969; Hodos & Karten, 1966; Gtinttirktin et al, 2000; Hodos, 1969; Hodos & Bonbright, 1974; Laverghetta & Shimizu, 1999 (Cerutti & Ferrari, 1995; Ferrari, et al., 1999; Silva & Ferrari, 1991; Souza, et al., 1990; Toledo & Ferrari, 1991) . During surgery the subjects were kept under deep anesthesia (Xilazine-ketamine 0.05 mL/100 g).
After the completion of the short-lasting surgery, the birds received 5 mL of hypertonic saline (0.9 M NaCI; i.p.) and antibiotics and then were kept in a temperature-controlled room (30 C). Three reached.
The steady-state rates were analyzed for each component of the discrimination situation, in blocks of six sessions. The steady-state criterion assumed that the difference between the mean response rates in the first three and the last three sessions of this block was not higher than 10% of the average rate of the six criterion sessions. After completing discriminative training, the pigeons were trained in reversal discrimination. In this situation, the Red light was associated with no-reinforcement, that is, extinction, and Yellow light signaled the reinforcement in the VR 5:1 schedule. The steady-state criterion was the same as that used for discrimination learning.
Perfusion. After behavioral training, the birds were deeply anesthetized with xilazine-ketamine and sacrificed by a transcardial perfusion with 100 mL isotonic saline, followed by 350 mL 4% parafomaldehyde in 0.1 M phosphate buffer (pH 6.9). The brains were removed from the skull and post-fixed for 7 days in the fixative solution for additional fixation. After that, the brain was washed in tap water, dehydrated in a progressive ethanol series, and stored in cedar-wood oil for posterior paraffin embedding. Serial 10 ,tm sections were obtained and used to assess the size and extension of each lesion. 
RESULTS

Histology
Macroscopic analysis of the brains showed lesions involving both hemispheres, except for some residual tissue of the ventral archistriatal complex (see levels NI, Nil and NIII, Fig. 1 ) and fragments of paleostriatal complex (see level NI, Fig. 1 ). The histological reconstructions of one hemisphere of the brain according to Karten and Hodos (1967) is presented in Fig. 1 , with darkened NIII Fig. 1 : Schematic drawing of histological reconstruction of one hemisphere of the brain of the pigeon (Karten & Hodos, 1967 (Cerutti & Ferrari, 1995; Ferrari, et al., 1999; Silva & Ferrari, 1991; Souza, et al., 1990; Toledo & Ferrari, 199 Analysis of the Optic Tectum layers. Figure 7 shows the data of mean of thickness (mg) (2) a large decrease in the number of neurons in the nRt associated to an expressive increase in the vascularization of this region.
The acquisition of discriminative responsestimulus relationships occurred in the absence of the avian telencephalon although requiring longer training. In the discrimination condition, the longterm follow up of key pecking rates until steadystate discriminative behavior provided evidence of processing and long-term storage of information in the subtelencephalic structures. The different stimulus conditions and the contingencies of reinforcement correlating with each of the components were discriminated. This was demonstrated by a higher rate of key pecking response concentrated in the Red component, the one associated with food reinforcement and conforms to previous data of the literature (Mackintosh, 1977; Terrace, 1966 (Chaves & Hodos, 1998; Hartmann & Gtntrkfin, 1998; Ldpez, et al., 2000; Macphail, 1971; Sttetner, 1974; Shimizu & Hodos, 1989 ) already showed impairment of reversal learning after restrict telencephalic lesions, is worth saying that brain function and plasticity after injury are associated with a number of factors as size and topography of the lesion (Irle, 1990) . Therefore, our data add new information concerning the effects of massive lesion of telencephalon on reversal learning that may be interesting when analyzed in the context of neural plasticity. (Souza, et al, 1990 ). As we reported before, pigeons with massive ablation of the telencephalon require a longer training during the process of key-pecking shaping, as compared with control pigeons, as well as longer discrimination training to meet the steady-state criterion (Cerutti & Ferrari, 1995) . (Mackintosh, 1977; Voytko, 1996) (Macphail, 1971; Hodos, 1969) and the ectoestriatum (Bessette & have been related to changes in behaviors during training in tasks using discrimination of intensity, depth or color dimensions. Lesion in the archistriatal complex results in increased response rates in variable-interval schedules of reinforcement (Zeier, 1968) . It may, thus, be considered extraordinary that operant discrimination learning takes place in detelencephalated pigeons. Pecking behavior is organized in the brainstem. Suppression of brainstem pecking centers is likely to involve the activation of the nigroestriatal dopaminergic circuits (Csillag, 1999) . The mechanisms that are activated to support this capacity still remain to be completely understood.
To further understand the peculiarities of the subtelencephalic structures participating in these processes, the present study also focused on the morphometric analysis in two relay stations of the visual pathways. The important role of telencephalic structures as target areas of the information processed at subtelencephalic levels is well known. Lesions of the thalamofugal pathway have little or no effect on discriminative learning (Hodos & Bonbright, 1974) . In contrast, the tectofugal pathway makes an important contribution to the specific cognitive process. The telencephalic structures target the tectofugal system, from retina to ectostriatum, via two important relays, namely the optic tectum (OT) and the nucleus rotundus (n. Rt) (Shimizu & Bowers, 1999; GiintiJrkun & Hahmann, 1999 (Cerutti & Chadi, 2000; Horner & Gage, 2000) .
The data presented here provide evidence of extensive neural reorganization after such longterm lesion, which when added to the behavioral and learning characteristics of the detelencephalated birds, can be considered as an important indication of processes of neural plasticity. The increased vascularization in the n. Rt, the widening of the layer of the OT, as well as the evidence of a probable synaptic reorganization might indicate functional compensation. The observed pattern of cell and axonal arrangement and the alterations in cell number might represent reorganizational processes for the maintenance of functional capacity.
Another point worth considering is the role of glial cells in such a condition of neural reorganization. CNS functional regeneration strategies require multi-step processes. Growing evidence demonstrates the existence of a close bi-directional brain communication system between neurons, glial cells, and endothelial cells (Carmignoto, 2000; Jiang, et al., 1995) . The reactive hyperplasia of astrocytes and their hypertrophy are common phenomena, observed either close or distant from the site of injury (Cerutti & Chadi, 2000) . Certain studies have suggested that astrocytes have an influence in vasculogenesis and astroglial cells are known to produce endothelial cells growth factors (Gomes, et al., 2001; Saadoun, et al., 2002 
